The rheological behaviour of model suspensions with spherical particles was experimentally investigated in shear an elongational flows. Particular attention was focussed on the main parameters affecting the flow behaviour of suspensions such as particle size distribution, particle size, particle surface, humidity, temperature and viscosity of the matrix fluids. All variables were investigated depending on the pre-shear conditions. In this regard the validity of the time-temperature-superposition and the Trouton-ratio was verified for suspensions with spherical particles.
INTRODUCTION
Highly filled suspensions are frequently encountered in several manufacturing and transport processes. Paints, printing inks, tar or food stuff are only some examples for industrial applications of suspensions. For an optimization of processing parameters it is essential to predict the rheological behaviour of suspensions depending on the predominating deformation (i.e. shear flow, elongational flow). Although it is well known that the steady shear flow behaviour of suspensions is strongly influenced by the properties of the filler (i.e. volume fraction F t , particle shape and size distribution, specific surface area of the particles) and by the matrix properties [1] [2] [3] [4] [5] still many open questions remain. In this connection particular attention is focussed on the relevance of the maximum packing faction F max which especially for concentrated bidisperse suspensions has been shown to be the dominating parameter in the high-shear-(stress)-state.
In comparison to the extensive information available on the viscosity function in steady shear flow there are only few studies which focus on the development of the viscoelastic material functions of colloidal and non colloidal concentrated suspensions [6] [7] [8] . Furthermore only little literature can be found on investigations of the validity of the time-temperature superposition principle for concentrated suspensions [7] [8] [9] [10] . Although it is well known that the actual state of suspension architecture strongly influences its rheological behaviour it is worth mentioning that a systematic investigation of the rheological properties of suspensions depending on the pre-shear conditions cannot be found in literature.
The intention of the Ph.-D.
-work was to experimentally contribute to open questions in the field of suspension rheology in shear and elongational flows. Since the flow behaviour of suspensions is very complex for experiments in shear flow model suspensions containing defined spherical particles in Newtonian fluids were examined. Using the Münstedt tensile rheometer (MTR) suspensions of spherical particles in non-Newtonian fluids were additionally investigated in elongational flows. In this review, however, three important findings in shear flow will be presented whereas all results shown were obtained by applying a systematic pre-shearing. First it will be demonstrated how the polydispersity of a particle size distribution influences the maximum packing fraction F max and hence the rheological behaviour in the high shear-(stress)-state of a concentrated suspension. Furthermore it will be shown that the time-temperature superposition principle is valid for the model suspensions investigated if a systematic pre-shearing is applied prior to the determination of the dynamic moduli.
At last it will be demonstrated that depending on the actual particle structure the magnitude of the elasticity of suspensions can exceed the elasticity of polymer melts by decades.
MATERIALS
As the matrix fluids three Newtonian non-polar low molecular weight polyisobutylenes (PIB 1, PIB 2, PIB 3) with a density of g/cm 2 were chosen. Their weight average molecular weight M w and Rheological properties of suspensions with spherical particles in shear and elongational flows
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Bayer AG, Plastics Division, KU-FE, Test Technology, Building R33, D-47812 Krefeld e-mail: polymer@ww.uni-erlangen.de the molecular weight distribution M w /M n are given in Tab. 1. Several monodisperse and polydisperse distributed hydrophilic spherical glass spheres were used as the fillers. The particle sizes and the degree of polydispersity were characterized with a particle analyser using the Mie diffraction theory. From the particle analyser the particle sizes x n and x v and the median of the cumulative particle size distribution x 50 were obtained. x n represents the number-average diameter, x v is the volume average diameter. The polydispersity index (PDI) of the particle size distribution was obtained as follows:
The characteristic features (density, x n , x 50 , PDI) of some of the used fillers are given in Tab 2.
SAMPLE PREPARATION
Since adsorbed water on a hydrophilic particle surface can strongly influence the rheological behaviour of a suspension the chosen (hydrophilic) glass spheres were sufficiently dried before mixing. Subsequent to the initial drying procedure model suspensions with volume fractions up to F t = 0.4 were prepared using a powerful stirrer. Before starting the rheological experiments the suspensions were carefully degassed in vacuum.
RHEOLOGICAL MEASUREMENTS
The rheological properties of the model suspensions in shear flow were examined by a stress controlled rheometer (Bohlin CSM). Before starting the rheological measurement either in the steady shear or in the dynamic mode the suspensions were systematically pre-sheared. A detailed description of the pre-shearing applied can be found in [11, 13 -14] . A fresh suspension was used for each run. For the dynamic mode it was found that the critical strain for the linear-viscoelastic response is strongly dependent upon the frequency w used. Hence, in the dynamic oscillatory mode it was necessary to determine the critical strain for leaving the region of linearviscoelastic response over the whole frequency range for each temperature investigated. In the following only strain-independent values of the shear moduli are reported.
INFLUENCE OF PARTICLE SIZE DISTRIB-UTION IN STEADY SHEAR FLOWS

VARIATION OF THE GLASS SPHERES AT VOL-
Three samples of glass spheres (C2, C3, C5) were chosen which varied with respect to their mean particle diameter mpd (which corresponds to the x 50 value of the cumulative particle size distribution) and their degree of polydispersity. The degree of polydispersity was characterized by the polydispersity index PDI (see equation (1) In general it is believed that a broader particle size distribution should lead to a higher maximum packing fraction F max . Although the sample C5 with the lowest polydispersity index PDI showed the lowest maximum packing fraction F max, flow a non-ambiguous correlation between F max, flow and the polydispersity index PDI could not be obtained for all the original samples (i.e. for C2 and C3). The question arises whether the determination of the polydispersity index PDI for the samples C2 and C3 via light diffraction is too uncertain to receive a clear differentiation. Since either a smaller particle size (i.e. higher specific surface area) or a smaller distribution might lead to a higher relative viscosity h rel,• additionally the question cannot be answered from Fig. 1 whether particle size (and hence specific surface area) or particle size distribution has a stronger influence on the high shear (stress) behaviour.
In the next chapter it will be shown that by applying a systematic mixing of the polydisperse distributed samples C2, C3 and C5 an additional increase of polydispersity is obtained and furthermore a correlation between the maximum packing fraction F max and the polydispersity index PDI can be established.
DETERMINATION OF F max,dry FOR THE SAM-PLES C2, C3, C5 AND BLENDS
To varify the results obtained from the flow model of Krieger-Dougherty the maximum packing fraction F max was additionally determined from centrifuge experiments (i.e. F max, dry ) for the samples C2, C3, C5 and for blend systems of different combinations of C2, C3 and C5. Confirming the results from the flow model in Section 3.1 it was found that the original samples C2, C3, C5 differed systematically in their maximum packing fractions F max, dry , too. Furthermore a constant filler dilatancy factor of F max, dry /F max, flow~1 .2 can be found for the samples C2, C3 and C5, which was also observed for bidisperse suspensions [15, 16] .
C2: F max, dry = 0.655
By a systematically mixing of the original fractions C2, C3 and C5 in total three blend systems are obtained (i.e. C5C2, C5C3, C3C2). They can be characterized by introducing a diameter ratio for polydisperse distributed particles l p . In contrast to the diameter ratio for bidisperse distributions the diameter ratio l p is defined as the ratio of the mean particle diameters (mpd) of the original samples C2, C3 and C5 according to: For all blends systems C5C2, C5C3 and C3C2 the maximum packing fraction and the polydispersity indices PDI were determined, respectively. Fig. 2 shows the obtained correlation between F max, dry and the polydispersity index PDI for all blend systems C5C2, C5C2 and C3C2. A steady tendency can be identified from Fig. 2 which indicates that with increasing polydispersity index PDI an increase of F max, dry is achieved. Furthermore at higher polydispersity indices PDI a reasonable levelling off of F max, dry seems to occur.
HIGH SHEAR BEHAVIOUR OF THE BLEND SYSTEMS
Additionally the rheological behaviour at high shear stresses (i.e. the Newtonian plateau value at t • = 256 Pa) was determined at a high fixed total volume fraction of F t = 0.35 (which is close to F max, flow ) for all the blend systems described in Fig. 2 . In Fig. 3 packing fractions F max, dry for the investigated blend systems (C5C2, C5C3 and C3C2) are plotted as a function of the volume fraction of small particles F s within the total volume fraction F t (i.e.
For all blend systems investigated (i.e. C5C2, C5C3, C3C2) a correlation between the relative viscosity in the high shear (stress) state (h rel,• = h Suspension /h Matrix ) at infinite stresses (t • = 256 Pa) and the maximum packing fraction F max, dry obtained from centrifuge experiments can be found (see Fig. 3 ). The higher the maximum packing fraction F max, dry , the lower is the corresponding relative viscosity in the high shear (stress) state h rel,• . This strongly indicates that at a fixed total volume fraction of the filler (i.e. F t = 0.35) the maximum packing fraction F max is the relevant variable for the high shear (stress) behaviour of concentrated polydisperse suspensions. From the results shown in Fig. 3 it can clearly be concluded that the particle size, which systematically decreases with increasing x p , does not have any influence on the highshear-(stress) behaviour of concentrated polydisperse model suspensions. A minimum in the 
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relative viscosity h rel,• is found for x p = 0.25 at a large diameter ratio of l p = 5 (C5C2) which has great relevance for industrial applications since the shear viscosity at high loadings can be reduced (see Fig. 3 ). Systematically at the large diameter ratio of l p = 5 the maximum packing fraction in the dry state F max, dry shows a pronounced maximum for x p = 0.25 (see Fig. 3 ). The minimum of h rel,• at x p = 0.25 can also be found in literature for bidisperse suspensions at similar diameter ratios [15] [16] [17] [18] . For the smallest diameter ratio l p = 2 (system C3C2) the maximum packing fraction F max, dry shows similar values at all x p because the smaller particles, which in this case do not differ much in size from the bigger ones, do not fit between larger particles. Since for the system C3C2 at all x p a comparable reduced volume fraction F max, dry /F t is obtained a uniform Newtonian plateau (i.e. h rel,• ) can be observed.
LOW SHEAR BEHAVIOUR OF THE BLEND SYSTEMS
In general it is believed that the strength of the non-Newtonian behaviour increases with increasing specific surface or decreasing particle size. Simultaneously it is known that suspensions that at identical volume fractions F t differ much in their reduced volume fractions F max, dry /F t show an obvious deviating non-Newtonian behaviour (i.e. fiber suspensions and suspensions with spherical particles). As shown in the previous chapter a comparable reduced volume fraction F max, dry /F t and hence, a uniform Newtonian plateau can be achieved at all x p for the system C3C2 (l p = 2). This fact is essential for establishing a correlation between the strength of the non-Newtonian behaviour at low shear stresses t and the specific surface S V of the distribution. As Fig. 4 indicates the strength of the non-Newtonian behaviour in the system C3C2 increases systematically with increasing S V (or increasing x p ) whereas the Newtonian plateau is nearly uniform at all x p .
TIME-TEMPERATURE-SUPERPOSITION OF SUSPENSIONS
TIME-TEMPERATURE SUPERPOSITION IN STEADY SHEAR FLOWS
For the investigation of the validity of the timetemperature superposition in the steady shear mode several concentrated monodisperse and polydiserse suspensions at volume fractions ranging from 0.1 £ F t £ 0.35 were prepared. The low molecular weight polyisobutylenes shown in Tab. 1 were chosen as the matrix fluids. The steady-shear viscosity functions of the matrix fluids and of the suspensions were determined in the temperature range from 26°C £ T £ 55°C. The temperature dependency of the shear viscosity of the used matrix fluids and of the suspensions investigated can be described with the Arrhenius-expression. It was found that the resulting temperature shift factors a T of the unfilled polyisobutylenes and of the suspensions investigated lie on one straight line. The consistence of the flow activation energies E A of a matrix fluid and the suspension was also found by other authors [7, 8] . Remarkably the temperature dependency of the pre-sheared suspensions in the region of small shear stresses (i.e. non-Newtonian behaviour at t = 0.19 Pa) and in the region of dominating hydrodynamic forces (i.e. Newtonian behaviour at t = 256 Pa) is identical within the accuracy of the measurement. As the shift factors of the suspensions and the unfilled matrix fluids coincide well, it can be concluded that the observed temperature dependency of the viscosities of the suspensions investigated is strictly controlled by that of the matrix. By applying Krieger´s considerations [19] to the investigated pre-sheared monodisperse suspensions it could additionally be concluded that the relative viscosity h rel is neither a function of temperature T nor a function of the viscosity h Matrix if plotted as a function of t red . Interestingly these facts are not restricted to the state where the suspension behaves like a Newtonian liquid but holds for the region of low stresses t red , as well. Golden Jubilee meeting of the German Society of Rheology
TIME-TEMPERATURE SUPERPOSITION IN THE DYNAMIC MODE
For the determination of the temperature dependence in the dynamic mode several monodisperse and polydisperse suspensions were examined. The measurements were performed at temperatures ranging from 26°C to 55°C. By applying a systematically pre-shearing it was assured that a defined structure was reached before starting the dynamic-mechanical experiments. For all investigated monodisperse and polydisperse suspensions characteristic shapes of G'(w) and G''(w) were observed. In all cases G'(w) displayed a bending shape, whereas for G'' a linear dependency on w was obtained. In the high frequency region a dependency of G' on the frequency w was observed which corresponds to that of the unfilled Newtonian matrices (i.e. G''w 2 ). Fig. 5 shows a double-logarithmic plot of the obtained master curves of G' and G'' as a function of wa T for a non-colloidal monodisperse suspension (system Mono 1200 with x n = 1.18 µm/ PIB 1, F t = 0.35). For the shown noncolloidal monodisperse suspension G' and G'' can be superimposed by a horizontal shift along the log w axis. A common shift factor a T is obtained for both moduli. As can be seen from Fig. 5 the time-temperature superposition in the dynamic mode can successfully be applied to extend the accessible frequency range. A bending shape of G' and a linear dependency of G'' on w was also reported by [7, 8] for suspensions with a Newtonian matrix and a high volume concentration of colloidal spherical silica particles. For immiscible polymer blends with a high viscosity ratio of the two phases [20] published the bending of G'(w) and the linear G''(w) curves as well. For polymer blends [21] analysed the bending shape of G' from a theoretical point of view by using the Palierne model [22] with changing interfacial tension.
The experimental results obtained for the suspensions investigated (i.e. two frequency dependent regimes of G' were detected which are either separated by a shoulder formation or a plateau value of G') suggest to be a universal, characteristic feature of heterogeneous twophase systems [20] [21] [22] [23] [24] . Additionally it was found that the low frequency range of the model suspension is strictly dependent on the pre-shear conditions. In the high frequency region a behaviour was always observed which corresponds to that of the unfilled Newtonian matrices. Furthermore, it could be demonstrated that a higher total volume fraction F t and a lower particle size x n increase the height and the shape of the shoulder of G'. A higher molecular weight of the matrix fluid was found to shift the plateau value of G' to lower frequencies. Additionally it could be shown for the model suspensions investigated that the flow activation energy E A from steady shear and dynamic experiments are identical within the accuracy of the measurement.
ELASTIC PROPERTIES OF SUSPENSIONS
The elastic properties of suspensions are commonly determined via normal-stress-differences or in oscillatory shear experiments [25, 26] . They remain one of the unsolved questions in suspension rheology. In this chapter creep and creep recovery tests were applied to detect the elastic properties of suspensions. They were carried out on a magnetic bearing torsional creep rheometer at a reference temperature of T = 31.3°C (see also [14] ). The big advantage of the magnetic bearing torsional creep rheometer is that the residual torque which causes drift phenomena and superimposes the recovery experiment by an additional creep experiment, is lower by a factor of two than that of a classical air bearing rheometer [27, 28] . Hence, it is possible to detect the recoverable compliances J rec with a higher accuracy on the magnetic bearing torsional creep rheometer in comparison to rheometers with air bearings.
In order to demonstrate the influence of the stress on the elastic properties of a monodisperse suspension (i.e. a system Mono 1200/PIB 1 with After applying low shear stress of t = 0.19 Pa in the creep test a significant recoverable creep compliance can be observed, however. For the findings obtained after applying a shear stress of t = 0.19 Pa in the creep test the creep compliance J cr (t cr ) and the recoverable creep compliance J rec (t rec ) are plotted in Fig. 6 on a double logarithmic scale as a function of the creep time t cr and the creep recovery time t rec , respectively. The magnitude of the resulting creep recoverable compliance J rec (t rec ) obtained for the suspension is compared with the upper and lower boundary of the steady state recoverable compliance J e 0 that can be found in literature for different polymer melts [29] [30] [31] [32] [33] . As can be seen from Fig. 6 a steady-state recoverable compliance of approximately J e 0 ª 3.6 Pa -1 is obtained for our suspension which exceeds the largest steady-state recoverable compliances J e 0 of polymer melts by more than 2 decades. Considering the fact that the same suspension does not show significant creep recoverable compliances after applying a shear stress of t = 200 Pa in the creep test and hence behaves as a viscous liquid the results from Fig. 6 are even more fascinating. This outstanding finding clearly demonstrates the strong influence of the present particle structure on the elastic properties of suspensions. 
